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Objectives The purpose of this study was to determine the relationship between Rho-associated kinase (ROCK) activity and
aortic stiffness in humans.
Background Epidemiologic studies have shown that there is a relationship between aortic stiffness and cardiovascular com-
plications. Recent evidence suggests that ROCK plays an important role in the process of atherosclerosis.
Methods We evaluated the forearm blood flow (FBF) response to sodium nitroprusside (SNP), a nitric oxide donor, acetyl-
choline (ACh), an endothelium-dependent vasodilator, and fasudil, a specific ROCK inhibitor, in 51 healthy male
subjects (mean age 45.6  3.0 years). The FBF was measured by using a strain-gauge plethysmography. Carotid-
femoral pulse wave velocity (cf-PWV) was measured to assess the aortic stiffness using a pulse wave velocimeter.
Results Intra-arterial infusion of SNP alone, ACh alone, or fasudil alone and after co-infusion of NG-monomethyl-L-
arginine (L-NMMA), a nitric-oxide synthase inhibitor, significantly increased FBF in a dose-dependent manner
(p  0.01). Multivariate analysis showed that age and number of pack-years smoked were independent predic-
tors of ROCK activity before or after co-infusion of L-NMMA (p  0.01) and that age and ROCK activity before or
after co-infusion of L-NMMA were independent predictors of cf-PWV (p  0.01). The concentration of serum
malondialdehyde-modified low-density lipoprotein, an index of oxidative stress, was significantly correlated with
ROCK activity before and after co-infusion of L-NMMA and cf-PWV (p  0.01).
Conclusions These findings suggest that aging and accumulating smoking habit, which might induce excessive oxidative
stress, are involved in ROCK activity in the vasculature, leading to an increase in aortic stiffness in
humans. (J Am Coll Cardiol 2007;49:698–705) © 2007 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2006.06.082f
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she small guanosine triphosphatase (GTPase) Rho works
s a switch and plays an important role in various cellular
hysiologic functions, including actomyosin-based cellular
rocesses such as cell adhesion, migration, motility, cytoki-
esis, and contraction, all of which may be involved in the
athogenesis of atherosclerosis (1). There is growing evi-
ence that Rho-associated kinase (ROCK) (also known as
ho-kinase), the immediate downstream target of the small
TP-binding protein Rho, contributes to endothelial dys-
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rom the Ministry of Education, Science and Culture of Japan and a Japan Heart
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ccepted June 26, 2006.unction and vascular disease (2–6). Indeed, recent clinical
vidence has demonstrated that ROCK is significantly
ctivated in patients with coronary vasospasm (7), hyper-
ension (8), and stable-effort angina (9) and even in current
moking subjects (10,11). ROCK, therefore, is becoming a
ew therapeutic target in cardiovascular disease. ROCK
hysiologically plays a key role in vasoconstriction. It
ctivates myosin light chain kinase by phosphorylation of
he myosin-binding subunit in myosin light chain phospha-
ase, leading to contraction of vascular smooth muscle cells
VSMC) (12,13). Thus, the vasoconstriction mediated by
OCK is dependent on Ca2 sensitization but independent
f Ca2 concentration. Earlier studies have known that
ascular dysfunction, including endothelial and VSMC
ysfunction, is associated with cardiovascular risk factors
uch as aging, smoking habit, and oxidative stress (14,15),
ut little is known about the underlying correlations of
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February 13, 2007:698–705 ROCK, Oxidative Stress, and Aortic StiffnessOCK with cardiovascular risk factors. In addition, there is
o clinical evidence of a relationship between ROCK
nd oxidative stress, although recent studies have revealed
relationship between endothelial dysfunction and ROCK
3,4,11,16) and between endothelial dysfunction and oxida-
ive stress (17,18). Several recent studies have provided
vidence that reactive oxygen species activate the Rho/
OCK pathway (19,20). Indeed, we previously showed
hat there is a significant relationship between endothe-
ial dysfunction and increased ROCK activity in young
urrent smokers, which might be considered as a human
odel of excess oxidative stress compared with young
onsmokers (11). Taken together, these findings indicate
hat reactive oxygen species may play an important role in
ctivation of ROCK in humans.
Epidemiologic and clinical studies have shown that im-
aired aortic stiffness, which can be assessed noninvasively
y measurement of pulse wave velocity (PWV), is an
ndependent marker to estimate subjects with cardiovascular
isease (21,22). The PWV depends on arterial wall struc-
ure, mainly collagen and elastin, and arterial function (23).
he elastic properties of the aorta and central arteries are the
ajor determinants of systemic arterial impedance, and
WV measured along the aortic and aortoiliac pathway is
he most clinically relevant.
To determine the roles of ROCK and oxidative stress in
he pathogenesis of impaired aortic stiffness, we evaluated
hether oxidative stress is related to ROCK activity and
ubsequently to aortic stiffness in humans.
ethods
ubjects. We studied 51 healthy male subjects (mean age
5.6  3.0 years). Subjects with a history of hypertension,
ypercholesterolemia, or diabetes mellitus were excluded.
ormal blood pressure was defined as systolic blood pres-
ure of 140 mm Hg and diastolic blood pressure of 85
m Hg. The results of physical and routine laboratory
xaminations of the subjects were normal. None of the
ubjects were taking oral antioxidant vitamins or vasoactive
rugs. Current smokers were defined as any who had
moked at least 1 pack-year. One pack-year was defined as
0 cigarettes per day for 1 year. All of the smokers (35.2 
.2 pack-years) had a current smoking history of more
han 5 years and abstained from smoking for at least 3 h
efore the forearm blood flow (FBF) measurements. We
efined nonsmokers as those who had never smoked. The
tudy protocol was approved by the Ethical Committee of
iroshima University Graduate School of Biomedical
ciences. Informed consent for participation in the study
as obtained from all subjects.
rocedures. Forearm vascular response to sodium nitro-
russide (SNP) (Maluishi Pharmaceutical Co., Tokyo, Ja-
an) alone, acetylcholine (ACh) (Daiichi Pharmaceutical ao., Tokyo, Japan) alone, and
asudil (Asahi Chemical Indus-
ries, Tokyo, Japan) alone and after
o-infusion of NG-monomethyl-
-arginine (L-NMMA) (Sigma
hemical Co., St. Louis, Mis-
ouri), were evaluated. The study
egan at 8:30 AM with the sub-
ects in the fasting condition. A
3-gauge polyethylene catheter
Hakkow Co., Tokyo, Japan)
as inserted into the left brachial
rtery for the infusion of each
rug and for the recording of
rterial pressure with an AP-
41G pressure transducer (Ni-
on Kohden Co., Tokyo, Japan)
nder local anesthesia (1% lido-
aine). Another catheter was in-
erted into the left deep antecubital vein to obtain blood
amples.
After 30 min in the supine position, we measured basal
BF and arterial blood pressure. Then forearm vascular
esponse to SNP, a direct vasodilator of VSMCs, ACh, an
ndothelium-dependent vasodilator, and fasudil, a specific
OCK inhibitor, on forearm hemodynamics were mea-
ured. The SNP (0.75, 1.5, or 3.0 g/min), ACh (3.75 or
.5 g/min), and fasudil (3, 10, or 30 g/min) were infused
ntra-arterially for 5 min at each dose. The FBF was
easured during the last 2 min of the infusion. The
nfusions of SNP, ACh, and fasudil were carried out in a
andomized fashion. Each study proceeded after the FBF
eturned to baseline.
After a 30-min rest period, L-NMMA, an inhibitor of
itric oxide synthase, was infused intra-arterially at a dose of
mol/min for 5 min, and fasudil was administered 5 min
fter the initiation of L-NMMA.
To evaluate the relationship among ROCK activity,
xidative stress, and aortic stiffness, we studied 35 healthy
ale subjects (mean age 45.0  3.6 years), whose prespeci-
ed entry criteria are identical to that described in the
receding. Number of pack-years smoked in smokers was
9.0  6.6 pack-years. The PWV was measured in the
upine position after 15 minutes of bed rest, and then
orearm vasodilative responses to SNP alone, ACh alone,
nd fasudil alone and after co-infusion of L-NMMA, were
valuated in a manner identical to that described in the
receding text.
easurement of FBF. The FBF was measured with a
ercury-filled Silastic strain-gauge plethysmography (EC-5R,
. E. Hokanson, Issaquah, Washington) as previously de-
cribed (11,18).
easurement of PWV. Aortic compliance was assessed
oninvasively on the basis of Doppler ultrasound measure-
ents of PWV along the descending thoracoabdominal
Abbreviations
and Acronyms
ACh  acetylcholine
cf-PWV  carotid-femoral
pulse wave velocity
FBF  forearm blood flow
L-NMMA 
NG-monomethyl-L-arginine
MDA-LDL 
malondialdehyde-modified
low-density lipoprotein
PWV  pulse wave velocity
ROCK  Rho-associated
kinase
SNP  sodium nitroprusside
VSMC  vascular smooth
muscle cellsorta as previously published and validated (24). Briefly,
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ROCK, Oxidative Stress, and Aortic Stiffness February 13, 2007:698–705arotid-femoral PWV (cf-PWV), an index of arterial stiff-
ess, was determined by 2 pressure sensors, placed on the
ight femoral and left carotid arteries to record each pulse
ave simultaneously, and the time lag (t) between the
otches of the 2 waves, using a pulse wave velocimeter
Form PWV/ABI, model BP-203RPE, Colin Co., Aichi,
apan). The distance (D) between the 2 recording sensors
as calculated automatically from the value of individual
eight. The PWV value was calculated as PWV D/t. The
WV was measured for 5 consecutive pulses, and averages
ere used for analysis. The observer was blind to the form
f the examination.
nalytical methods. Routine chemical methods were used
o determine serum concentrations of total cholesterol,
igh-density lipoprotein (HDL) cholesterol, triglycerides,
lucose, and insulin. The serum concentration of
alondialdehyde-modified low-density lipoprotein (MDA-
DL) was assayed by ELISA (antiMDA-LDL antibody,
RL Co., Atsugi, Japan). Fasting concentrations of insulin
nd glucose were used to determine homeostatic model of
ssessment (HOMA) parameters of insulin resistance
sing a program based on the HOMA algorithm (insulin
esistance  insulin/22.5eIn glucose), as previously de-
cribed (25).
tatistical analysis. Results are presented as mean 
EM. Values of p  0.05 were considered to indicate
tatistical significance. Comparisons of time-course curves
f variables during the infusion of SNP alone, ACh alone,
nd fasudil alone and after co-infusion of L-NMMA, were
nalyzed by analysis of variance (ANOVA) for repeated
easures with Bonferroni correction to baseline. The
OCK activity was expressed as the percentage in the ratio
f fasudil-stimulated maximal FBF relative to the immedi-
tely preceding basal FBF. Spearman rank correlation was
sed to compare ROCK activity before or after co-infusion
f L-NMMA with age, body mass index (BMI), systolic
lood pressure, diastolic blood pressure, heart rate, serum
oncentration of total cholesterol, HDL cholesterol, triglyc-
rides, mean fasting glucose, insulin, MDA-LDL, and
umber of pack-years smoked. The analysis was also used to
ompare the ratio of SNP-stimulated maximal FBF to basal
BF or ACh-stimulated maximal FBF to basal FBF (en-
othelial function) with the variables and to compare the
WV with the variables in which endothelial function and
OCK activity before or after L-NMMA were added.
ultivariate analysis using multiple stepwise regression was
erformed to determine the significant correlation of
OCK activity before or after co-infusion of L-NMMA
nd of PWV with variables which showed a p value of 0.1
n Spearman correlation analysis. Multivariate analysis was
erformed with the Statistical Analysis System program
ackage (SAS Institute, Cary, North Carolina). The data
ere analyzed using the software package StatView V (SAS
nstitute) and Super ANOVA (Abacus Concepts, Berkley,
alifornia). desults
linical characteristics. The baseline clinical characteris-
ics of the subjects are summarized in Table 1.
ffects of FBF responses to SNP, ACh, and fasudil.
ntra-arterial infusion of SNP significantly increased FBF in
dose-dependent manner by ANOVA for repeated mea-
urements (6.1  0.3 ml/min to 31.1  1.4 ml/min per 100
l tissue; p  0.01) (Fig. 1). Intra-arterial infusion of ACh
lso significantly increased FBF in a dose-dependent man-
er by ANOVA for repeated measurements (7.7  0.6
l/min to 16.6  1.5 ml/min per 100 ml tissue; p  0.01)
Fig. 2). Intra-arterial infusion of fasudil significantly in-
reased FBF in a dose-dependent manner alone and after
o-infusion of L-NMMA by ANOVA for repeated mea-
urements (7.0  0.4 ml/min to 12.3  0.6 ml/min per 100
l tissue, 5.2  0.4 ml/min vs. 10.3  0.7 ml/min per 100
l tissue, respectively; p  0.01) (Fig. 3). No significant
hange was observed in arterial blood pressure or heart rate
uring intra-arterial infusion of any drugs.
orrelations with ROCK activity before and after
-NMMA. ROCK was significantly correlated with age (r
0.64; p  0.001), systolic blood pressure (r  0.44; p 
.01), serum concentration of total cholesterol (r  0.41; p
0.01), and number of pack-years smoked (r  0.52; p 
.001). The ROCK activity after co-infusion of L-NMMA
as significantly correlated with age (r  0.64; p  0.01),
ystolic blood pressure (r  0.40; p  0.01), serum concen-
ration of total cholesterol (r 0.47; p 0.01), and number
f pack-years smoked (r  0.49; p  0.01). The ROCK
ctivity before or after co-infusion of L-NMMA was not
orrelated with other parameters. The correlations between
OCK activity before or after co-infusion of L-NMMA
nd variables are summarized in Table 2. Stepwise multiple
egression analysis was carried out to identify the indepen-
aseline Clinical Characteristics in the Subjects
Table 1 Baseline Clinical Characteristics in the Subjects
Variable Subjects (n  51)
Age (yrs) 45.6 3.0
Body mass index (kg/m2) 23.5 0.4
Systolic blood pressure (mm Hg) 123.6 1.4
Diastolic blood pressure (mm Hg) 65.5 1.4
Heart rate (beats/min) 62.5 1.1
Total cholesterol (mmol/l) 4.70 0.10
HDL cholesterol (mmol/l) 1.33 0.06
Triglyceride (mmol/l) 1.03 0.03
Mean fasting glucose (mmol/l) 5.1 0.1
Serum insulin (pmol/l) 73.9 16.6
Insulin resistance (HOMA index) 3.17 0.81
Current smoker 27
Number of pack-yrs smoked 35.2 5.2
Basal FBF (ml/min/100 ml tissue) 7.2 0.4
ll results are presented as mean  SEM.
FBF  forearm blood flow; HDL  high-density lipoprotein; HOMA  homeostatic model
ssessment.ent predictors of ROCK activity before or after co-infusion
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February 13, 2007:698–705 ROCK, Oxidative Stress, and Aortic Stiffnessf L-NMMA. For multiple regression analysis, variables
howing a p value of 0.1 in Spearman correlation analysis
ere selected; age, systolic blood pressure, serum concen-
ration of total cholesterol, and number of pack-years
moked were entered as candidates for independent vari-
bles. Stepwise multiple regression analysis revealed that age
standardized r  0.36) and number of pack-years smoked
standardized r  0.39) were independent predictors of
Figure 1 FBF Response to SNP
Results are presented as mean  SEM. The probability value refers to a com-
parison of time course curves by analysis of variance for repeated measure-
ments. *p  0.01 versus basal forearm blood flow (FBF) assessed by
Bonferroni correction. SNP  sodium nitroprusside.
Figure 2 FBF Response to ACh
Results are presented as mean  SEM. The probability value refers to a com-
parison of time course curves by analysis of variance for repeated measure-
ments. *p  0.05; †p  0.01 versus basal forearm blood flow (FBF) assessed
by Bonferroni correction. ACh  acetylcholine.ROCK activity (multiple R2 0.43; p 0.01) and that age
standardized r  0.34) and number of pack-years smoked
standardized r  0.35) were independent predictors of
OCK activity after co-infusion of L-NMMA (multiple
2  0.37; p  0.01). The serum concentration of MDA-
DL was significantly correlated with ROCK activity
efore and after co-infusion of L-NMMA (r  0.57 and r
0.51, respectively; p  0.01).
orrelations with maximal FBF response to SNP. There
as no variable that was significantly correlated with the ratio
f SNP-stimulated maximal FBF to basal FBF (Table 3). The
erum concentration of MDA-LDL was also not signifi-
antly correlated with FBF response to SNP (r  0.04;
 0.81).
orrelations with endothelial function. Endothelial
unction was significant correlated with age (r0.55; p
.01), serum concentration of total cholesterol (r  0.67;
 0.01), and number of pack-years smoked (r  0.59;
 0.01) (Table 4). The serum concentration of MDA-
DL was also significantly correlated with endothelial
unction (r  0.64; p  0.01).
orrelations with cf-PWV. The cf-PWV was signifi-
antly correlated with age (r  0.88, p  0.01), systolic
lood pressure (r  0.42; p  0.05), serum concentration of
otal cholesterol (r  0.47; p  0.01), number of pack-years
moked (r  0.38; p  0.05), endothelial function (r 
0.54; p 0.01), ROCK activity (r 0.67; p 0.01), and
Figure 3 FBF Response to Fasudil Alone
and After Co-Infusion of L-NMMA
Results are presented as mean  SEM. The probability value refers to a com-
parison of time course curves by analysis of variance for repeated measure-
ments in each group. *p  0.01 versus basal forearm blood flow (FBF) of
fasudil alone; †p  0.01 versus basal FBF after co-infusion of NG-monomethyl-
L-arginine (L-NMMA) assessed by Bonferroni correction.OCK activity after co-infusion of L-NMMA (r  0.75;
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ROCK, Oxidative Stress, and Aortic Stiffness February 13, 2007:698–705 0.01). The ratio of SNP-stimulated maximal FBF to
asal FBF was not significantly correlated with cf-PWV.
he cf-PWV was not correlated with other parameters. The
orrelations between cf-PWV and variables are summarized
n Table 5. For multiple regression analysis, variables
howing a p value of 0.1 in Spearman correlation analysis
ere selected; age, systolic blood pressure, serum concen-
ration of total cholesterol, number of pack-years smoked,
ndothelial function, and ROCK activity before or after
-NMMA, were entered as candidates for independent
ariables. Stepwise multiple regression analysis revealed
hat age (standardized r  0.71) and ROCK activity
standardized r  0.27) were independent predictors of
f-PWV (multiple R2  0.79; p  0.01) and that age
standardized r  0.51) and ROCK activity after co-
nfusion of L-NMMA (standardized r  0.54) were
ndependent predictors of cf-PWV (multiple R2  0.91;
 0.01). In addition, the serum concentration of
DA-LDL was significantly correlated with cf-PWV
r  0.57; p  0.01).
orrelations Between the Ratio of SNP-timu ed Maximal FBF to Basal FBF and Variables
Table 3 Correlations Between the Ratio of SNP-Stimulated Maximal FBF to Basal FBF and Variables
Variables Coefficient p Value
Age (yrs) 0.127 0.372
Body mass index (kg/m2) 0.049 0.730
Systolic blood pressure (mm Hg) 0.107 0.453
Diastolic blood pressure (mm Hg) 0.040 0.780
Heart rate (beats/min) 0.086 0.546
Total cholesterol (mmol/l) 0.120 0.407
HDL cholesterol (mmol/l) 0.005 0.972
Triglyceride (mmol/l) 0.147 0.308
Mean fasting glucose (mmol/l) 0.049 0.768
Serum insulin (pmol/l) 0.045 0.776
Insulin resistance (HOMA index) 0.044 0.801
Number of pack-yrs smoked 0.021 0.886
Correlations Between ROCK Activity Before and
Table 2 Correlations Between ROCK Activit
Variable
ROCK Activi
Coefficient
Age (yrs) 0.636
Body mass index (kg/m2) 0.019
Systolic blood pressure (mm Hg) 0.437
Diastolic blood pressure (mm Hg) 0.093
Heart rate (beats/min) 0.089
Total cholesterol (mmol/l) 0.414
HDL cholesterol (mmol/l) 0.157
Triglyceride (mmol/l) 0.167
Mean fasting glucose (mmol/l) 0.097
Serum insulin (pmol/l) 0.066
Insulin resistance (HOMA index) 0.033
Number of pack-yrs smoked 0.515
L-NMMA  NG-monomethyl-L-arginine; ROCK  Rho-associated kinasNP  sodium nitroprusside; other abbreviations as in Table 1. Aiscussion
n the present study, there were significant relationships
etween ROCK activity and age, systolic blood pressure,
erum concentration of total cholesterol, and number of
ack-years smoked in healthy male subjects. In multivariate
nalysis, age and number of pack-years smoked were inde-
endent predictors of ROCK activity among the candidates
hat were correlated with ROCK activity. In addition, the
oncentration of serum MDA-LDL, one of the established
arkers of oxidative stress, was correlated with ROCK
ctivity. To the best of our knowledge, this is the first study
o provide clinical evidence revealing significant involve-
ent of ROCK activity with age, accumulating current
moking habit, and oxidative stress in humans.
Recently, increasing evidence has indicated that ROCK is
ignificantly associated with the regulation of not only
ndothelial nitric oxide synthase (eNOS) expression but also
NOS phosphorylation, both of which are important mech-
nisms for regulating endothelial function and subsequent
ardiovascular injury (2–4,16). We have also demonstrated
significant relationship between endothelial dysfunction
orrelations Betweenndothelial Function and Variables
Table 4 Correlations BetweenEndothelial Function and Variables
Variables Coefficient p Value
Age (yrs) 0.548 0.003
Body mass index (kg/m2) 0.020 0.915
Systolic blood pressure (mm Hg) 0.313 0.092
Diastolic blood pressure (mm Hg) 0.140 0.451
Heart rate (beats/min) 0.218 0.241
Total cholesterol (mmol/l) 0.671 0.001
HDL cholesterol (mmol/l) 0.071 0.709
Triglyceride (mmol/l) 0.074 0.694
Mean fasting glucose (mmol/l) 0.281 0.187
Serum insulin (pmol/l) 0.179 0.353
Insulin resistance (HOMA index) 0.346 0.113
Number of pack-yrs smoked 0.588 0.002
r L-NMMA and Variables
ore and After L-NMMA and Variables
ore L-NMMA ROCK Activity After L-NMMA
p Value Coefficient p Value
0.001 0.635 0.001
0.892 0.007 0.961
0.002 0.396 0.007
0.516 0.134 0.358
0.533 0.131 0.368
0.004 0.471 0.001
0.277 0.156 0.290
0.248 0.089 0.547
0.555 0.048 0.778
0.677 0.087 0.590
0.852 0.026 0.888
0.001 0.487 0.001
abbreviations as in Table 1.Afte
y Bef
ty Befbbreviations as in Table 1.
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February 13, 2007:698–705 ROCK, Oxidative Stress, and Aortic Stiffnessnd increased ROCK activity in current smokers (11). The
esults of the present study show that aging and cigarette
moking are involved in an increase in ROCK activity,
hich might be partly explained by the significant correla-
ion between ROCK and endothelial function. Our results
re supported by several recent studies showing that aging is
ignificantly related to activation of the Rho/ROCK path-
ay (26,27). Those findings suggest that activation of
OCK is involved in several aspects of the atherosclerotic
rocess, including endothelial dysfunction.
Fasudil, which competes with adenosine 5’-triphosphate
ATP) for binding to ATP-dependent kinase domains, has
ecently been shown to be a potent and specific inhibitor of
OCK (5,6,28). ROCK activity in humans has been
nvestigated in several previous studies using fasudil (8,29).
asumoto et al. (7). demonstrated that ROCK activity,
valuated by the vasodilative response to fasudil, is increased
t the segment of coronary vasospasm in patients with
asospastic angina. In addition, we evaluated ROCK activ-
ty after co-infusion of L-NMMA to assess ROCK activity
n the forearm vasculature. Although it is not clear whether
OCK activity before or after co-infusion of L-NMMA is
ppropriate for assessing ROCK activity, ROCK activity
fter co-infusion of L-NMMA may be appropriate for
recise assessment of ROCK activity because it may avoid
he contribution of endogenous nitric oxide to ROCK in
SMC. Interestingly, we could not find a significant cor-
elation of forearm vasodilatory response to SNP with the
ariables in this study, which is in accordance with previous
vidence (8,18). This discrepancy between the vasodilative
ffects of fasudil and SNP may be due to the different
harmacologic mechanisms of the drugs, dependency on
a2 sensitivity, or Ca2 concentration in VSMC.
One of the novel findings in the present study is that
orrelations Between Pulseav Velocity and Variables
Table 5 Correlations Between PulseWave Velocity and Variables
Variables Coefficient p Value
Age (yrs) 0.882 0.001
Body mass index (kg/m2) 0.025 0.884
Systolic blood pressure (mm Hg) 0.418 0.015
Diastolic blood pressure (mm Hg) 0.211 0.218
Heart rate (beats/min) 0.141 0.411
Total cholesterol (mmol/l) 0.472 0.006
HDL cholesterol (mmol/l) 0.085 0.620
Triglyceride (mmol/l) 0.133 0.437
Mean fasting glucose (mmol/l) 0.069 0.695
Serum insulin (pmol/l) 0.060 0.729
Insulin resistance (HOMA index) 0.145 0.421
Number of pack-yrs smoked 0.377 0.028
The ratio of SNP-stimulated maximal FBF to
basal FBF (%)
0.155 0.373
Endothelial function (%) 0.543 0.009
ROCK activity (%) 0.670 0.001
ROCK activity after coinfusion of L-NMMA (%) 0.746 0.001
bbreviations as in Tables 1, 2, and 3.OCK activity, but not endothelial function, is one of the sndependent predictors of increased PWV, indicating that
OCK is significantly involved in the pathogenesis of aortic
tiffness. Aortic stiffness has been shown to be closely
ssociated with cardiovascular risks (22,24,30) and to be a
ignificant predictor of cardiovascular morbidity and mor-
ality in subjects with a smoking habit, hypertension, end-
tage renal disease, and aging (21,31,32). Of great interest
re the results of a recent study by Willum-Hansen et al.
33) showing that PWV predicted a composite of cardio-
ascular outcomes over a median follow-up period of 9.4
ears beyond 24-h mean arterial pressure and other tradi-
ional risk factors such as gender, age, BMI, current
moking habit, and alcohol intake in middle-aged and
lderly individuals, results that are significant from the point
f view of clinical benefit. According to previous studies,
OCK plays an important role in atherosclerotic processes,
specially in VSMC (5,6,12,13,28), indicating that ROCK
odulates VSMC function via several kinds of mechanisms,
ncluding regulation of Ca2 sensitivity, which may explain
he discrepancy in the results of the present study showing
hat ROCK activity but not endothelial function is an
ndependent predictor of PWV.
Oxidative stress is known to be crucial for the develop-
ent of cardiovascular disease and subsequent mortality
15,34). In the present study, we measured the concentra-
ion of serum MDA-LDL to evaluate the contribution of
xidative stress to ROCK activity and aortic stiffness. Thus,
he significant correlations of ROCK activity with age and
umber of pack-years smoked may be evoked partly through
xcess oxidative stress. Indeed, several investigators have
emonstrated a possible correlation of ROCK with oxida-
ive stress in in vitro and in vivo studies (20). Consequently,
t is feasible that oxidative stress is significantly correlated
ith ROCK activity and further aortic stiffness in the
resent study. Collectively, these findings support our hy-
othesis that activation of ROCK in VSMC leads to
mpaired aortic stiffness, although we could not determine
rom the results of the present study whether increased
OCK activity causes oxidative stress or whether oxidative
tress caused by various variables such as aging and accu-
ulating smoking habit leads to increased ROCK activity.
urthermore, endothelial dysfunction, which is significantly
elated not only to excess oxidative stress but also to
ctivated ROCK, may also be an important mechanism of
mpairment of aortic stiffness. Although the precise mech-
nism remains to be determined, ROCK plays a critical role
n the modulation of aortic stiffness through a pathway in
hich oxidative stress is involved.
tudy limitations. Although, we obtained the striking
nding that aortic stiffness significantly correlates with
OCK and oxidative stress, several limitations remain in
he present study. It has been shown that creatinine clear-
nce is negatively associated with PWV in subjects with
oderate reduction of creatinine clearance (35). Although
erum concentrations of creatinine in all subjects in this
tudy were normal (106 mol/l), additional data on the
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ight make the results more plausible. In addition, recent
tudies have revealed significant relationships between aortic
tiffness and several candidates such as serum high-
ensitivity C-reactive protein (hs-CRP) and criteria for the
iagnosis of the metabolic syndrome (36–38). Indeed, it has
een shown that CRP activates ROCK, leading to plasmin-
gen activator inhibitor-1 expression and atherothrombo-
enesis in vitro. Those findings suggest that serum level of
s-CRP may correlate with ROCK activity and may cause
he elevation of PWV in humans (39). In the present study,
aist circumference was not measured. The BMI was
easured in all subjects instead of waist circumference, and
MI was30 kg/m2 in all subjects. Accordingly, our results
ight not have been greatly influenced by the lack of
easurement of waist circumference. It is thought that
any disorders of biologic and physiologic factors are
elated to impaired aortic stiffness. Therefore, further inves-
igations are required to clarify the precise mechanism
nderlying impairment of aortic stiffness.
onclusions. We have demonstrated that ROCK activity
n the forearm vasculature is significantly associated with
ge and number of pack-years smoked and that increased
f-PWV is significantly related to age and ROCK activity.
n addition, excess oxidative stress is significantly correlated
ith increased ROCK activity and PWV. These findings
uggest that excessive oxidative stress might be involved in
ncreased ROCK activity in the vasculature, leading to
mpaired aortic stiffness, and that not only oxidative stress
ut also ROCK might be vital therapeutic targets for
ardiovascular protection.
cknowledgments
he authors thank the Research Foundation for Commu-
ity Medicine. The authors also thank Naotsugu Oyama for
is considerable advice.
eprint requests and correspondence: Dr. Yukihito Higashi,
epartment of Cardiovascular Physiology and Medicine, Gradu-
te School of Biomedical Sciences, Hiroshima University, 1-2-3
asumi, Minami-ku, Hiroshima 734-8551, Japan. E-mail:
higashi@hiroshima-u.ac.jp.
EFERENCES
1. Horwitz AR, Parsons JT. Cell migration—movin’ on. Science 1999;
286:1102–3.
2. Takemoto M, Sun J, Hiroki J, Shimokawa H, Liao JK. Rho-kinase
mediates hypoxia-induced downregulation of endothelial nitric oxide
synthase. Circulation 2002;106:57–62.
3. Laufs U, Liao JK. Post-transcriptional regulation of endothelial nitric
oxide synthase mRNA stability by Rho GTPase. J Biol Chem
1998;273:24266–71.
4. Ming XF, Viswambharan H, Barandier C, et al. Rho GTPase/Rho
kinase negatively regulates endothelial nitric oxide synthase phosphor-
ylation through the inhibition of protein kinase B/Akt in human
endothelial cells. Mol Cell Biol 2002;22:8467–77.
5. Sawada N, Itoh H, Ueyama K, et al. Inhibition of Rho-associated
kinase results in suppression of neointimal formation of balloon-
injured arteries. Circulation 2000;101:2030–3.6. Uehata M, Ishizaki T, Satoh H, et al. Calcium sensitization of smooth
muscle mediated by a Rho-associated protein kinase in hypertension.
Nature 1997;389:990–4.
7. Masumoto A, Mohri M, Shimokawa H, Urakami L, Usui M,
Takeshita A. Suppression of coronary artery spasm by the Rho-kinase
inhibitor fasudil in patients with vasospastic angina. Circulation
2002;105:1545–7.
8. Masumoto A, Hirooka Y, Shimokawa H, Hironaga K, Setoguchi S,
Takeshita A. Possible involvement of Rho-kinase in the pathogenesis
of hypertension in humans. Hypertension 2001;38:1307–10.
9. Shimokawa H, Hiramori K, Iinuma H, et al. Anti-anginal effect of
fasudil, a Rho-kinase inhibitor, in patients with stable effort angina: a
multicenter study. J Cardiovasc Pharmacol 2002;40:751–61.
0. Noma K, Higashi Y, Jitsuiki D, et al. Smoking activates Rho-kinase in
smooth muscle cells of forearm vasculature in humans. Hypertension
2003;41:1102–5.
1. Noma K, Goto C, Nishioka K, et al. Smoking, endothelial function,
and Rho-kinase in humans. Arterioscler Thromb Vasc Biol 2005;25:
2630–5.
2. Kureishi Y, Kobayashi S, Amano M, et al. Rho-associated kinase
directly induces smooth muscle contraction through myosin light chain
phosphorylation. J Biol Chem 1997;272:12257–60.
3. Somlyo AP, Somlyo AV. Signal transduction and regulation in
smooth muscle. Nature 1994;372:231–6.
4. Celermajer DS, Sorensen KE, Spiegelhalter DJ, Georgakopoulos D,
Robinson J, Deanfield JE. Aging is associated with endothelial
dysfunction in healthy men years before the age-related decline in
women. J Am Coll Cardiol 1994;24:471–6.
5. Heitzer T, Schlinzig T, Krohn K, Meinertz T, Munzel T. Endothelial
dysfunction, oxidative stress, and risk of cardiovascular events in
patients with coronary artery disease. Circulation 2001;104:2673–8.
6. Wolfrum S, Dendorfer A, Rikitake Y, et al. Inhibition of Rho-kinase
leads to rapid activation of phosphatidylinositol 3-kinase/protein
kinase Akt and cardiovascular protection. Arterioscler Thromb Vasc
Biol 2004;24:1842–7.
7. Cai H, Harrison DG. Endothelial dysfunction in cardiovascular
diseases: the role of oxidant stress. Circ Res 2000;87:840–4.
8. Higashi Y, Sasaki S, Nakagawa K, Matsuura H, Oshima T, Chayama
K. Endothelial function and oxidative stress in renovascular hyperten-
sion. N Engl J Med 2002;346:1954–62.
9. Jin L, Ying Z, Webb RC. Activation of Rho/Rho kinase signaling
pathway by reactive oxygen species in rat aorta. Am J Physiol Heart
Circ Physiol 2004;287:H1495–500.
0. Bailey SR, Mitra S, Flavahan S, Flavahan NA. Reactive oxygen species
from smooth muscle mitochondria initiate cold-induced constriction
of cutaneous arteries. Am J Physiol Heart Circ Physiol 2005;289:
H243–50.
1. Blacher J, Guerin AP, Pannier B, Marchais SJ, Safar ME, London
GM. Impact of aortic stiffness on survival in end-stage renal disease.
Circulation 1999;99:2434–9.
2. de Simone G, Roman MJ, Koren MJ, Mensah GA, Ganau A,
Devereux RB. Stroke volume/pulse pressure ratio and cardiovascular
risk in arterial hypertension. Hypertension 1999;33:800–5.
3. Avolio A, Jones D, Tafazzoli-Shadpour M. Quantification of alter-
ations in structure and function of elastin in the arterial media.
Hypertension 1998;32:170–5.
4. Kimoto E, Shoji T, Shinohara K, et al. Preferential stiffening of central
over peripheral arteries in type 2 diabetes. Diabetes 2003;52:448–52.
5. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF,
Turner RC. Homeostasis model assessment: insulin resistance and
beta-cell function from fasting plasma glucose and insulin concentra-
tions in man. Diabetologia 1985;28:412–9.
6. Jin L, Liu T, Lagoda GA, Champion HC, Bivalacqua TJ, Burnett AL.
Elevated RhoA/Rho-kinase activity in the aged rat penis: mechanism
for age-associated erectile dysfunction. Faseb J 2006.
7. Miao L, Calvert JW, Tang J, Parent AD, Zhang JH. Age-related
RhoA expression in blood vessels of rats. Mech Ageing Dev 2001;
122:1757–70.
8. Nagumo H, Sasaki Y, Ono Y, Okamoto H, Seto M, Takuwa Y. Rho
kinase inhibitor HA-1077 prevents Rho-mediated myosin phospha-
tase inhibition in smooth muscle cells. Am J Physiol Cell Physiol
2000;278:C57–65.
23
3
3
3
3
3
3
3
3
3
705JACC Vol. 49, No. 6, 2007 Noma et al.
February 13, 2007:698–705 ROCK, Oxidative Stress, and Aortic Stiffness9. Kishi T, Hirooka Y, Masumoto A, et al. Rho-kinase inhibitor
improves increased vascular resistance and impaired vasodilation of the
forearm in patients with heart failure. Circulation 2005;111:2741–7.
0. Lehmann ED, Watts GF, Gosling RG. Aortic distensibility and
hypercholesterolaemia. Lancet 1992;340:1171–2.
1. Wiesmann F, Petersen SE, Leeson PM, et al. Global impairment of
brachial, carotid, and aortic vascular function in young smokers: direct
quantification by high-resolution magnetic resonance imaging. J Am
Coll Cardiol 2004;44:2056–64.
2. Laurent S, Boutouyrie P, Asmar R, et al. Aortic stiffness is an
independent predictor of all-cause and cardiovascular mortality in
hypertensive patients. Hypertension 2001;37:1236–41.
3. Willum-Hansen T, Staessen JA, Torp-Pedersen C, et al. Prognostic
value of aortic pulse wave velocity as index of arterial stiffness in the
general population. Circulation 2006;113:664–70.
4. Boaz M, Smetana S, Weinstein T, et al. Secondary prevention with
antioxidants of cardiovascular disease in endstage renal disease (SPACE):
randomised placebo-controlled trial. Lancet 2000;356:1213–8.5. Mourad JJ, Pannier B, Blacher J, et al. Creatinine clearance, pulse wave
velocity, carotid compliance and essential hypertension. Kidney Int
2001;59:1834–41.
6. Esposito K, Marfella R, Ciotola M, et al. Effect of a Mediterranean-
style diet on endothelial dysfunction and markers of vascular inflam-
mation in the metabolic syndrome: a randomized trial. JAMA 2004;
292:1440–6.
7. Safar ME, Thomas F, Blacher J, et al. Metabolic syndrome and
age-related progression of aortic stiffness. J Am Coll Cardiol
2006;47:72–5.
8. Grundy SM, Cleeman JI, Daniels SR, et al. Diagnosis and manage-
ment of the metabolic syndrome: an American Heart Association/
National Heart, Lung, and Blood Institute Scientific Statement.
Circulation 2005;112:2735–52.
9. Nakakuki T, Ito M, Iwasaki H, et al. Rho/Rho-kinase pathway
contributes to C-reactive protein-induced plasminogen activator
inhibitor-1 expression in endothelial cells. Arterioscler Thromb Vasc
Biol 2005;25:2088–93.
